Background: Local recurrence after radiotherapy for T2 glottic carcinoma remains an issue and identifying patients at risk for relapse is, therefore, important. This study aimed to assess the oncological outcomes and prognostic factors in a consecutive series of patients treated with radiotherapy for T2N0 glottic carcinoma. Methods: Patients with T2N0 glottic carcinoma treated with radiotherapy were included in this retrospective study. Five-and ten-year local control (LC), overall survival (OS), disease-specific survival (DSS), and laryngeal preservation (LP) rates were calculated with the Kaplan-Meier method. The impact of prognostic variables was evaluated with the log-rank test. Results: Ninety-four patients were included for analysis. LC, OS, DSS, and LP rates were 70.5, 63.7, 86.0, and 74.7%, respectively at five years and 65.8, 41.0, 75.6, and 72.4% at 10 years. In total, 46 scans were included in the analyses. Vertical involvement of the anterior commissure on imaging showed a significant impact on LC. Conclusions: In accordance with previously described surgical risk factors, we identified vertical involvement of the anterior commissure on imaging as a prognostic factor for radiation failure.
Introduction
Laryngeal carcinoma is one of the most frequent types of head and neck cancer. In 2017, 708 patients were diagnosed with laryngeal carcinoma in the Netherlands. Around sixty-five percent of tumors arise from the glottic region [1] , and of those, about 30% are diagnosed as T2-stage tumors [2] . The two main treatment modalities for T2 tumors are radiotherapy and transoral CO 2 laser microsurgery (TLM). Both treatments aim to achieve high cure rates and preserve organ function with an acceptable voice outcome. The Dutch guidelines on the treatment of laryngeal carcinoma advocates radiotherapy as the treatment of choice for T2 glottic carcinoma [3] .
Currently, there is no definite proof that one treatment modality is more effective than the other [4] . Several studies have shown that both radiotherapy and TLM provide high, comparable local control (LC) rates for T2 glottic carcinoma [5] . However, a recent systematic review on T2 glottic carcinoma showed that, similar to findings for T1a glottic carcinoma [6] [7] [8] , larynx preservation (LP) rates after primary treatment were higher with TLM than with radiotherapy [9] . Hence, determining prognostic factors could improve risk stratification in patients considered for radiotherapy in T2 glottic carcinoma. This information could help enhance outcomes by facilitating the identification of patients most likely to benefit from radiotherapy as opposed to surgical treatment.
2
M-line as defined by Succo et al. [10] ); 3) horizontal involvement of the anterior commissure in the glottic plane; and 4) vertical involvement of the anterior commissure resulting from supraglottic and subglottic extension (Figure 1 ). If the tumors were not visible on CT or MRI, they were classified as superficial. In the patients where the original scans were not available for re-evaluation, radiological reports were reviewed to rule out paraglottic or pre-epiglottic space involvement or suspicious neck nodes. In three patients, imaging had not been performed. All these three patients had normal mobility of the vocal folds and N0 neck on ultrasound and were therefore included in the cohort. Acute and chronic radiotherapy toxicities were analyzed according to the Common Terminology Criteria for Adverse Events, version 4.0 (National Cancer Institute, Bethesda, USA). Patients were excluded if they had previous laryngeal cancer or received a primary treatment other than radiotherapy. The study was approved by the Leiden University Medical Center with approval number G17.098/SH/sh on 13th February 2018. 
Results

Patients and Treatment Characteristics
Between 2000 and 2012, 94 consecutive patients were treated with radiotherapy for cT2N0 glottic carcinoma. There were 82 male (87.2%) and 12 (12.8%) female patients. Mean age at diagnosis was 64.4 (range 32-84) years. Seventy-nine patients (84%) were treated with conventional radiotherapy, applied as a parallel-opposed bilateral field, generated with a 4-6 MV linear accelerator. Fifteen patients (16%) were treated with IMRT. The total dose ranged from 60.0-70.0 Gy (median 68.0 Gy); the dose per fraction ranged from 1.8 to 2.4 Gy (median 2.0 Gy). In total, 37 patients (39.4%) underwent elective lymph node irradiation, with a total dose range of 44.0 to 58.0 Gy (median 46.0 Gy). The overall treatment time ranged from 35 to 49 days (median 42.0 days).
Radiological Characteristics
In 50 patients, CT or MRI scans were available. Four scans were excluded because of movement and streaking artifacts. In total, 46 scans were included for the analysis, of which 36 were CT (78.2%), and 10 were MRI (21.7%) scans. Of the 46 included scans, 31 were of good quality and 15 of moderate quality. The radiological characteristics are listed in Table 1 . Abbreviations: AC= anterior commissure, Gy = gray, IMRT= intensity-modulated radiation therapy, VM = vocal fold muscle.
Follow-Up
Three patients (3.2%) were lost to follow-up at two months, five months, and six months, respectively. These three patients were clinically free of disease at the time of their last examination. The median follow-up was 106.0 months (95%CI: 80.3-131.7) (range 2-175 months).
Survival and Local Control
During follow-up, 28 patients (29.8%) developed local recurrence, after a median of 11.5 months (range 1-79 months). Of these, recurrence was detected within 24 months of treatment in 82.1%. The fiveand 10-year LC rates were 70.5% and 65.8%, respectively (Table 2 and Figure 2 ). Salvage therapy consisted of TLM in three patients (10.7%); re-irradiation in two patients (7.1%); total laryngectomy with or without neck dissection, including radiation of the neck in 18 patients (67.9%), and partial laryngectomy in two patients (7.1%). Additionally, two patients (7.1%) required a total laryngectomy, but refused this, and therefore, received the best supportive care. None of our patients had neck failure without having a local recurrence. In six of the 28 patients (21%) that developed a local recurrence, positive neck nodes were identified. Two of the six patients had undergone elective neck irradiation during primary treatment, and four patients had not. Ten patients (35.7%) developed a second recurrence. Of these, two patients were treated by re-irradiation; two patients underwent a total laryngectomy with neck dissection; one patient underwent a total pharyngectomy and a gastric tube reconstruction with a pectoralis major muscle flap; two patients underwent surgical resection, and one with and one without radiotherapy, due to stomal recurrence. Three patients did not have curative treatment, of which one patient underwent palliative chemotherapy, and two patients received the best supportive care. In total, 23 patients (24.5%) underwent a total laryngectomy due to recurrent disease. The five-and 10-year LP rates were 74.4% and 72.4%, respectively (Table 2 and Figure 2 ). During follow-up, 16 patients died due to laryngeal cancer (17.0%), and 38 patients (40.4%) died of unrelated causes. The five-and 10-year DSS rates were 86.0 and 75.6%, and the five-and 10-year OS rates were 63.7 and 41.0% (Table 2 and Figure 2 ). In the univariate analysis, one radiological variable (vertical involvement of the anterior commissure) showed a significant association with LC and one radiological variable (horizontal involvement) showed a trend towards lower LC ( Table 1 ). All four patients with sub-and supraglottic extension in the anterior commissure developed recurrent disease, (five-year LC 0%). Horizontal involvement of the anterior commissure also showed a trend towards lower LP (p = 0.009), with a five-year LP of 59.2% in patients with horizontal anterior commissure involvement versus 90.1% in those without. Deep infiltration of the vocal muscle showed a trend towards lower DSS (p = 0.037) with a five-year DSS of 57.5% in patients with deep infiltration versus 79.2% in those with only superficial involvement and a trend towards higher LC in patients with superficial tumor infiltration (p = 0.077) ( Table 1 ). No other clinical or treatment-related variable showed any significant impact on the oncological outcomes. 
Toxicity
No patient died due to toxicity from radiotherapy. Overall, thirteen patients (13.8%) reported grade 3 or grade 4 adverse events. Acute adverse events were reported in 10 patients: in one patient, radiotherapy was interrupted due to laryngeal edema, which required a tracheostomy (grade 4) and nine patients required a nasogastric feeding tube during radiation therapy for grade 3 dysphagia. Five patients (5.3%) had late complications (grades 2 and 4): two patients developed laryngeal necrosis for which they underwent a tracheostomy, and three patients required treatment for hypothyroidism. 
No patient died due to toxicity from radiotherapy. Overall, thirteen patients (13.8%) reported grade 3 or grade 4 adverse events. Acute adverse events were reported in 10 patients: in one patient, 
Discussion
The objective of this retrospective study was to evaluate the five-and 10-year survival outcomes of patients primarily treated with radiotherapy for T2N0 glottic carcinoma and to identify prognostic factors associated with radiotherapy failure in these patients. Treatment with radiotherapy alone resulted in good outcomes rates at five-and 10-years for LC (70.5% and 65.8%), OS (63.7% and 41.0%), DSS (86.0% and 75.6%), and LP (74.7% and 72.4%). Despite the small numbers of available scans (n = 46), vertical anterior commissure involvement on imaging showed a significant impact on LC. No other patient, tumor, treatment, or radiological-related variable in our analysis had any significant impact on oncological outcomes.
Primary radiotherapy is a widely accepted treatment option for early glottic cancer. It is the advocated treatment in the Netherlands for extended T1a tumors and T2 tumors. In the literature, the five-year LC rate for T2 tumors ranges from 48 to 97.6%, with a weighted average of 75.81% [5] . These wide ranges probably reflect the heterogeneity of tumor extension and location found within the T2 stage [11] . This study showed five-year LC rates comparable to those reported in the literature. Our five-year OS and DSS rates were also comparable to those in the literature (ranges 53-91% and 69-100%, respectively) [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] .
Only a few studies have reported 10-year oncological outcomes for T2 glottic carcinoma treated with radiotherapy. Khan et al. reported their 20-year experience of definitive radiotherapy for early glottic cancer. They divided T2 tumors into T2a (with mobile vocal folds) and T2b (without mobile vocal folds) types and showed LC rates of 87% and 56%, respectively. Their 10-year OS for T1-T2 tumors was 50% [29] . Chera et al. reported 10-year OS rates of 51% and 49% for T2a and T2b tumors, respectively [17] . Le et al. reported a 10-year OS of 63% for T2 tumors [30] . Frata et al. reported 10-year LC, OS, and DSS of 70%, 37%, and 85%, respectively [31] . These 10-year oncological outcomes are comparable with those found in this study.
Several retrospective studies have investigated prognostic factors for radiation failure in early glottic carcinoma. However, to date, little evidence has been published from randomized controlled trials or large prospective studies. Recently, a systematic review with a meta-analysis investigated 56 potential risk factors for radiation failure in early glottic carcinoma (T1-T2) [32] . Its results indicate that male gender, low hemoglobin level, anterior commissure involvement, tumor stage (T2 tumor), tumor size/volume, and poor differentiation/dedifferentiation could increase the probability of radiation failure. Several studies have focused on the involvement of the anterior commissure as a potential risk factor for radiation failure. Although it is widely acknowledged that the involvement of the anterior commissure can have a negative impact on the outcome, the extent of the impact remains a topic of discussion, with the results reported in literature being inconsistent. Some studies show an association between the anterior commissure involvement and LC [33] [34] [35] [36] [37] , whereas others do not [12, 22, 27, [29] [30] [31] 38, 39] . In our study, we found that the clinical, binary variable on anterior commissure involvement (yes/no) had no significant impact on oncological outcomes, whereas the vertical involvement of the anterior commissure on imaging showed a significant impact on LC. The varying results found in the literature can be explained by the variations in clinical definition of the anterior commissure area, variation in the detail of the clinical, endoscopic, and radiological evaluation of the lesion in the preoperative setting, the distinctive features, and limitation of each therapeutic modality, the biological behaviors of the tumor, and variations in the rigor of the follow-up policy [40] . These factors, combined with the complicated anatomy of the anterior commissure, the involvement of this subsite may very well be too complex to be included as a binary variable (yes/no) [40] . Therefore, the role of the anterior commissure in the risk of primary radiotherapy failure in patients with T2 glottic carcinoma remains unclear, and further studies are needed to elucidate the impact of this sublocalization on the outcome.
The inconsistency in the literature regarding the impact of anterior commissure involvement is also found in surgical series (TLM). Notably, T2 tumors with vertical anterior commissure extension (supracommissural and subcommissural) have a significantly lower LC and LP rate with TLM than other T2 subtypes [11, 41, 42] . Also, in T3 tumors, the involvement of the posterior part of the muscle, behind the so-called M-line, has been associated with a significantly lower LC, DSS, and OS rate in patients treated with open partial horizontal laryngectomies [10] . The higher risk of oncological failure in these areas is thought to be related to their proximity to some of the membranes and visceral spaces of the larynx such as the pre-and paraglottic space and the cricothyroid ligament.
To the best of our knowledge, this is the first study to investigate these surgical risk factors in a radiotherapy cohort. In accordance with the aforementioned surgical studies, we found a significant impact of vertical involvement of the anterior commissure on LC and a trend towards lower LC and LP in the horizontal involvement of the anterior commissure as classified on imaging. Deep infiltration in the vocal fold muscle also showed a trend towards lower LC and DSS. Although these trends were not significant in this study, we view our findings as an indication that these parameters warrant further study. The number of patients in the different radiological categories was limited, especially in the case of the vertical anterior commissure involvement. In this subgroup, none of the patients with supraglottic extension in the anterior commissure developed a local recurrence versus 25% of patients with subglottic extension and 100% of patients with sub-and supraglottic extension. Currently, we have no evident explanation for this. However, it might be that the involvement of these sites carries increasing levels of risk. This theory has to be investigated in the future, prospective studies to extend the understanding of these variables. Therefore, these results have to be interpreted with caution.
To further improve LC rates in high-risk patients in T2 glottic carcinoma, chemoradiotherapy (CRT) might be considered. Several studies have investigated this treatment modality in T2 laryngeal cancer. They show that CRT is feasible, well-tolerated, and effective. Furthermore, they show promising LC rates between 91.5% and 100% [43] [44] [45] [46] [47] . However, the number of patients treated with CRT was low, and some studies also included T1 tumors. Three studies compared RT with CRT [45, 48, 49] . One of these studies concluded that CRT was not found to be effective for 21 patients with T2 glottic carcinoma [49] . However, the study of Akimoto et al. reported a significant difference in the five-year disease-free survival between RT alone and CRT (68% and 89%, respectively) [48] . The study by Bhateja et al. compared the outcome of patients with T2bN0 tumors treated with RT to that of patients with T2b-T3N0/N+ treated with CRT. They found that the T2bN0 tumors treated with RT alone showed a trend towards lower LC than the T2b-T3N0/N+ patients treated with CRT, even though the latter group includes higher stage tumors [45] . Thus, data suggest that applying concurrent chemoradiotherapy may be a reasonable strategy to improve LC in patients with high risk T2 glottic carcinoma, although risks and benefit have to be considered [45] . Therefore, a prospective randomized controlled trial is needed to evaluate risks and the improvement of LC in CRT in T2 glottic carcinoma.
We interpret our results as an important indication that tumor extension in the anterior commissure is a risk factor for reduced oncological control both in surgical and radiotherapy patients and that patients with tumors with these high-risk growth patterns require close surveillance, independently of treatment modality. Due to the retrospective nature of this data, the impact of subcategorization of T2 tumors according to these factors should be further studied in a prospective manner.
In the aforementioned surgical studies, the detailed classification of the type of anterior commissure involvement was obtained using a combination of clinical, radiological, and surgical information, whereas we based our classification on imaging. This was due to the retrospective nature of this study with which anterior commissure involvement could only be specified as a binary variable (yes/no) and could not be further determined, whereas the imaging could be reevaluated specifically for this study. As stated earlier, the binary involvement of the anterior commissure based on our clinical information did not have a significant impact on LC. Additionally, we did not find a significant impact of the mobility of the vocal fold, whereas deep involvement demonstrated a trend towards increased LC. This suggests that a more specific classification of tumors in this area than is currently offered by the TNM classification system, may be necessary [41, 42] and that incorporating imaging improves evaluation of tumor extent.
Limitations
This study has some limitations. First, the sample size was small, especially the numbers of scans that were available (n = 46). This means that our findings are based on a small number of observations. Larger studies are needed to confirm these preliminary findings. Also, the retrospective nature of the study meant that we would not obtain all the scans for reevaluation and had to rely on reports of the imaging for the confirmation of the tumor stage (T2N0). In addition, due to the retrospective design, it was not possible to include all the risk factors mentioned in the literature, due to a lack of available data and the low numbers of events.
Conclusions
This study shows good oncological outcomes for patients with T2 glottic carcinoma treated with radiotherapy at our center. In accordance with previously described subtypes of T2 glottic carcinoma and known surgical risk factors, we identified vertical involvement of the anterior commissure on imaging as a prognostic factor for radiation failure. Prospective studies are warranted to extend our understanding of tumor extension variables on imaging in all treatment modalities for glottic cancer. 
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